Abstract
Introduction
Plaster models derived from palate's impressions, or palate's casts, are widely used in current dental practice. They are typically stored in boxes within special closets. Since the Dental Clinics of major hospitals need to handle thousands of such models, one can easily imagine the physical space needed and the inconvenience of retrieving a specific model. A data-base with the 3D models of the plaster casts, which could be called a "virtual gypsotheque", can solve both the above problems, without giving up the possibility of checking physical objects when needed. Indeed if the 3D models were obtained at appropriate resolutions, they could be physically duplicated by 3D printers.
A second application where 3D models of palatal casts could also be useful is the quantitative study of palate's modifications due to orthodontoyatric treatments. Palatal modifications are currently recorded by stone models and evaluated by inspection. Digital 3D models would allow more accurate quantifications as well as comparisons by direct 3D models superpositions or animations of the modifications.
This work reports some preliminary results about a feasibility study aimed at the creation of a virtual gypsotheque of palate's casts initiated in cooperation with the Dental Clinic of the University of Padova. Since palate's casts are freeform surfaces, such a project is an intriguing mixture of open issues concerning 3D modeling, geometrical metrology and medicine. With respect to 3D modeling it is necessary to devise automatic 3D modeling procedures suitable to be reliably performed also by non-engineering personnel. With respect to metrology it is necessary to establish what precision the 3D models of palate's casts and their possible physical duplicates need in order to be of clinical interest. The medical implications concern the best use of the mathematical information offered by the models.
This work presents an automatic procedure which proves to be perfectly adequate to model the shapes of palatal casts. The precision needed for medical purposes, once established by proper tests, will be obtained by deploying range cameras of adequate performance. This may clearly impact the equipment costs to be used for the virtual gypsotheque but not the automatic 3D modeling procedure.
For clarity's sake, it is worth recalling that the procedure typically followed in order to build 3D models, i.e., the 3D modeling pipeline [1] , encompassed various steps, all automatically performed except the first one, i.e., scan registration and the last one, the surfaces' hole-filling, which are typically performed under human supervision. Hole-filling is only performed when the visual appearance of the object is important and it is not used in application, like the one considered in this work, where the model's data are supposed to result from direct measurements. Henceforth this paper focuses on the automatic registration of 3D scans, the step which needs to be automatically solved in order to automatize the 3D modeling of palatal plaster casts.
This work is organized in four sections. Section 2 introduces the techniques suitable to automatize all the phases of the registration process, i.e., the wide-baseline matching, the pairwise registration and the global registration. Section 3 presents a number of study cases and a discussion of the proposed method. Section 4 draws the final remarks.
Automatic 3D views registration
The first two steps of the 3D modeling pipeline traditionally concern the registration of all the 3D scans of an object, namely the mutual registration of all the pairs of views, called pairwise registration, and the subsequent registration of all the views, called global registration. The registration of a pair of partially overlapping 3D views is accomplished in two steps: a rough detection of the common region and a fine estimate of the rigid rotation and translation (R, t) bringing the two views to the best possible overlap (over the common region). The automatic coarse detection of the common region is an open research area. It is equivalent to the automatic detection of a number of corresponding points between the two views, therefore it is typically referred to as the wide-baseline matching problem and it is considered in Section 2.1. The fine registration of a pair of views is addressed in Section 2.2.
Before entering the details of pairwise registration it is appropriate to remind that even in front of very accurate results for each pair of 3D views, the pairwise registration procedure alone cannot model full objects because of error accumulation. The errors may come from the pairwise registration procedure itself as well as from measurement noise and discretization effects on the acquired surface. There are several methods for redistributing the registration errors upon the results produced by a pass of pairwise 3D views registration, for a recent literature review see [1] .
Automatic detection of the common region
There exist two fundamental approaches to the automatic detection of a rough common region between a pair of partially overlapping 3D views. One rests on the use of invariant statistics for each point of the mesh such as [2] [3], the other on the use of special features based either on geometry such as [4] , or on texture [5] . We limit our reference list for space reasons.
This section reports about the results we obtained with the method of the spin-images introduced by Johnson and Hebert in [3] , where the reader is referred for a detailed presentation. Fig. 1 shows several scans of a palatal cast, for further data see Table 1 and Table 2 . As Fig. 2 exemplifies, spin-images depend only from the intrinsic surface characteristics (or statistical properties) and not from the surface's spatial position and orientation. In other words the spinimage associated with a vertex point is invariant with respect to rigid rototranslations. images, one may associate a collection of images to a 3D surface mesh, as every point of the surface can generate a spin-image. A pair of surfaces representing the same object from different view-points will be associated to a pair of sets of different spin-images: corresponding points in the common region between two 3D views will have similar spin-images because, as already pointed out, spin-images strongly depend on local shape's characteristics. The spinimages of corresponding points of two partially overlapping 3D views will not be identical because of surface discretization effects and because the two patches share only a portion of their surface. However, if the overlap is substantial (no less than 30% of regions characterized by an adequate presence of geometrical features) corresponding points of the two 3D views located in the common region will have similar spin-images. The detection of the common region between two partially overlapping 3D views in this way can be turned into the recognition of the most similar images of two sets of (spin) images, a problem for which a number of techniques are available.
In order to detect corresponding points a set of putative point correspondences is determined upon the similarity of the spin-images, as the example of Fig. 3 shows.
The correspondences are organized within geometrically consistent groups and for each group one determines the rototranslations (R, t) moving the points of the first 3D view as close as possible to their corresponding points in the second 3D view, via Horn's algorithm. The rototranslation (R, t) giving the widest overlap between the two views is selected. The common region between the two views is taken to be this overlapping area. Fig. 4a) shows the the rough alignment of two pairs of 3D views obtained by bringing to coincidence the corresponding points found by the spin-images method. Detailed data are reported in Table 2 and will be discussed in the Section 3.
Automatic pairwise registration of 3D views
The final estimate of the rotation and translation (R, t) between two 3D views is typically accomplished by the ICP algorithm [6] or by some of its many variants. The rough prealignment obtained by spin-images is often adequate to bring the ICP to convergence. However this was not found to be always the case, consistently with the fact that the ICP algorithm is known to be able to produce very precise estimates of R and t when properly started, as it may otherwise be trapped by local minima. This problem may be overcome by initiating the ICP from different starting points, several strategies for their selection are proposed in the literature. In practice this issue is commonly solved by manually selecting a few corresponding points from which an estimate of (R, t) is determined by Horn's algorithm.
In order to have a fully automatic procedure we use instead the frequency domain method of [7] as a robust device for determining a first estimate of the (R, t) parameters to use as starting point for the ICP. The method of [7] and the ICP operate on very different principles and their combination turns out remarkably robust. It may be worth quickly recalling the rationale of both methods in order to motivate their synergy.
As well known, the general idea behind the ICP algorithm is to find a set of matching points on the overlap of the two 3D views and to minimize the distance between these correspondences, in the Euclidean sense or according to similar criteria. It can be proved that this procedure suitably iterated converges to a local minimum [6] .
The method of [7] rests upon the fact that if textured surface l 2 (x) is a version of l 1 (x) rigidly rotated and translated by (R, t), i.e,
the Fourier transform of l 1 (x) and l 2 (x), respectively de- 
In terms of magnitudes Equation (2) simplifies in
It can be proved [7] that the versor of the rotation axis, is 
An effective technique to solve this minimization problem is given in [7] , together with a procedure for estimating the rotation angle upon the rotation axis, and the translation vector t upon knowledge of R. We want to point out that the frequency domain algorithm of [7] does not operate on a point-to-point correspondence logic as the ICP, since the Fourier transform makes a synthesis of all the available spatial information. Since the frequency domain method does not operate directly on the 3D surface data, but it has to turn them into small volumes, it is not as precise as the ICP.
Experimental results and discussion
This section examines the performance of the proposed 3D registration method with the palatal cast shown in Fig. 1 , which is a typical example of this class of objects. The spinimages method was able to automatically find the common regions between all the pairs of partially overlapping 3D scans and to pair-wise register them by bringing to coincidence the common regions as exemplified by the pair of scans shown in Fig. 4 . Table 1 reports the average pair-wise registration error by the spin-images method, i.e., the average distance between the corresponding points of different 3D views after pair-wise registration, which is 0.303 mm and the average execution time for the pair-wise registration by spin-images on a Pentium III 1.8 GHz, which is 43.91 s. Table 2 reports the average pair-wise registration errors by spin-images between all the pair of 3D scans and the relative execution times. The execution times vary with the surface's extension of the scans: in general the greater is the surface's extension, the greater is the number of generated spin-images and the consequent amount of processing. From Fig. 1 it can be seen that the extents of the surfaces of D0.pif and D1.pif are smaller than those of D2.pif and D3.pif, consequently the pair-wise registration by way of spin-images of the former two takes 33.83 s while that of the latter takes 59.14 s. The error values depend upon the specific shape characteristics.
The final average error between corresponding points after global registration is 0.084 mm, as reported in Table 1 , i.e., it is about 36 times smaller than the average pair-wise registration error obtained by way of spin-images. Fig. 5 shows two snapshots of the whole set of scans of the plaster cast after global registration(the data consist, of nine superposed meshes of triangles). Fig. 6 shows two snapshots of the final VRML model of the plaster casts (the data, in this case, consists of a single global mesh of triangles).
The displacement error of a single point is the distance between its position after the prealignment by way of spinimages and its final position after global registration, therefore its average values reported in Table 2 are an indication of the quality of the prealignement by way of spin-images. It is worth to mention that the scans are orderly registered with respect to D0.pif, i.e., D(k).pif is registered with D(k-1).pif, with k=1,2,...7 and finally D8.pif is registered with D1.pif. The displacement error, as shown in Table 2 , grows from 0.070 mm to 0.201 mm because of the error accumulation typical of the pair-wise registration.
The proposed procedure can be applied to objects acquired by any number of scans provided that the overlap between the scans is around 30% and that the common region be adequately characterized. This means that one must exercise some care during the taking in order to scan according to the above requirements. The total modeling time for the considered plaster cast on a Pentium III 1.8 GHz was 1288.5 s as shown in Table 1 . This time results from 351.28 s for the pairwise alignment by way of spin-images and by the frequency domain method, plus 322.97 s for the global alignment by method of [8] , plus 614.27 s for the surface integration by the method of [9] 
Conclusions
This work reports on an automatic registration method which can be used in order to make fully automatic 3D modeling and on its performance with models of palatal plaster casts.
A specific points of interests of the proposed method for the automatic realization of 3D models is the use of the frequency domain technique of [7] as a robust device for the automatic determination of effective starting points of the ICP algorithm upon the crude registration parameters obtained by the method of the spin-images. The proposed technique, as shown in Section 3, is suited to the automatic modeling of palatal casts.
In the introduction we explained that procedures requiring limited technical skills are essential for the widespread practice of 3D modeling in non-engineering areas, such as the medical field, and in this connection automatic 3D modeling procedures may play very useful services. Automatic 3D modeling can be improved in many aspects. The wide baseline matching problem is a central issue. We are currently experimenting with extensions of the concept of spin-images which also include texture and not only shape information. Among the various approaches the one of [4] looks very promising.
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